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Literature data on aeoban1oal draught water-cooling 
towers was Bllal.yzed to determine individual heat and mass-
transfer ooeftioienta using Kiokley's modit1oation of the 
enthalpy potential method (10). The aoouraoy of most of the 
available data ~s such that only an approximate dependence 
or the vapor-phase ooef!1oients on a1r flow rate can be 
asoerta1Ded, and the dependence on water rate is completely 
obscured. No correlation of the 11qu1d-phase heat-transfer 
ooeff1o1ent could be nade for any of the reported data. 
The data analyzed showed a dependence or the vapor-phase 
heat and mass-transfer ooeff1o1ents on a1r rate ranging from 
o0.26 to o1•21• The best oorrelat1on was obtained from the 
data ot Parekh (14) tor a tower packed to a depth of 19.1 
1nehes with 2-1noh ceramic Rasoh1g rings. The data was 
obtained at two constant water rates of 500 and l,500 
lb./hr. sq. rt. for an a1r rate range of 158 to 710 lb./hr. 
sq. tt. The vapor-phase heat-transfer coefficient 1s 
where the humid heat •e appronmately OOl.lStant at 
0.2S) BTU/(mole drJ air) (18 ) giving 
tea= p.oss; 01.121Lo.322 
(1.) 
(2) 
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Bxtremely good as.ta are requ.1M4 to correlate the 
1n41Y1dual heat aJl4 mass-transter ooeft1o1ent1. A apeo1t1o 
oase snowed tha~ a 0.0.51'0 error 1n the exit dr7 bUlb 
tems,erature results 1n a 10~ error 1n the h,/ko ratio, 
The res11tanoe to heat transter 1n the water t1lm 1a 
2 
not ugl1g1ble as commonly assumed 1n the use of an overall 
mass-transter ooett1o1ent with the enthalpy potent1al method, 
This resistance was tound to be approx1matel7 20 to 40 peroent 
ot the total res1stanoe to heat tranater. 
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DJ:I.IOPY9fIOI 
Design ot water-cooling towers utilizing direct oontaot 
ot air and water 1& almost 1nvar1ably done using the enthalpy 
potential method with an overall mass-transfer coeff1o1ent 
because or a soarcity or 1.ntormation on the individual heat 
and mass-transfer coefficients which are difficult to obtain 
exper1mentall.y ( 2, 8) • The l1m1 tat ions of this method are 
that it assumes an infinite liquid-phase heat-transfer 
coeft1c1ent, end 1t does not permit the calculation of the 
bulk air temperature as a runotion of tower height wh1oh is 
useful to check for fogging. M1okley 1s (10) extension of 
the enthalpy potential method using individual coefficients 
overcomes these 11m1tat1ons. 
In an attempt to obtain correlations for the coeff1o1ents, 
eXJ)erimental data presented 1n the literature was analyzed 
using Mtokley•s method to determine the 1nd1v1dJ..181 liquid-
phase heat-transfer, vapor-phase heat-transfer, end vapor-
phase mass-transfer coefficients for various air and water 
.flow rates and tower pack1ngS. 
',.[ I '·~) 1 ' I I 
. - .. _ ... ·- .. - .... ,' 
...... 
• 
. . . 
'!'he design equation ror the enthalpy potential method 
using an overall mes-transfer ooeff1o1ent 1s (2,8) 
z - __,...o ____ _ 
4 
Koaa ( 1) 
Simpson and Sherwood (14) have compiled overall mass-transfer 
ooeff1o1ents Kooa from literature data prior to 1946. Bass 
and Green (1) have integrated Merkel 1s equation 1n the 
following form and presented the results graphically. 
Tz 
-¥-= (2) 
These graphs allow rapid determination of the effect 
of a change in operating oond1t10DB and pred1ot1on or perfor-
mance at other than the design oond1t1ons. 
M1~kle7 (10) has developed the theory farther by 
·employing indivtdual heat and mass-tr8ll.8fer ooetf1cienta. 
'fhtS method &llOWS for the ·Desistanoe to heat transfer in 
the· 11'qu1d phase by assU,Jling a constant ratio of 11,/ko 
tbito~wt the tm~. '?ae resulting design equation for 
this le~s .-1iap11r1ed 'theory 18 
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(3) 
Olander ( 10) has presented an excellent review or the 
assuapt1ona 1nvolved 1n the enthalpy potential method, 
1nolud1ng M1okley's method. Some of these assumptions are 
neglect ot ohange 1n water rate due to en.poration, use of 
5 
an avertage humid heat, equal areas for heat and mass transfer, 
the ratio of' the vapor-phase heat-transfer ooeff1c1ent to 
the mass-transf~r coeff1o1ent equals the humid heat, and 
constant speo1f1o heats or liquid "WBter and air-water vapor 
mixtures. 
t 
The heat and mass-transfer coefficients employed in 
the design equations l and 2 can be correlated using accurate 
experimental data by an equation of the form 
(4) 
where the constants C, m, and n are usll8lly functions or 
tower packing, tower size, flow rates, and operating 
temperatures. Correlations of this type for the transfer 
coaft1o~e,ts are valid only tor the tower trom which the 
data was obta~d. Th1s is due to the uncertainty or the 
1aterta~1-l a~ for-a given tower and packing arrangement, 
JohDStone and S!Nh (4). pd Hensel and Treybal (3) 
.~'. i; •• 
have correlated the vaput•:p••• truafh1' coefficient for 
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6 
d1tferent toweri using •wet•bulb1 rUDI 1n which the water 
temperature remained oonstu.t. Kcldama, et al. (9), obtained 
oorrelat10D8 tor the yapor-phase ooeft1o1ents using •wet-bulb' 
runs and then obtained the liquid-phase heat-transfer 
ooeff1o1ent frOIJl water-cooling rUDS. The data of L1ohtenste1n 
(6) are 1.nBuff1o1ent tor anayls1s by Mickley's method. 
Since a generalized correlation for the ooeff1c1ents 
has not been developed, the spea1f1o correlations are not 
mentioned here; however, references 2, 8, and 15 present 
oomp1lat1ons or the correlations and additional references. 
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OPBRATION Ql. ~ QOMPU'?Ell PBQORAJI 
'!he computer program was written 1n GAP for CB 225 
digital computer, .l detailed flow sheet is given 1n F1gure 1. 
The hardware required are the ma1n frame, AAU, and high speed 
pr1nter. The subroutines required are FLIN, OUT, and EXPlO • 
The data card rorme.t 1s: 
11,0 Run Number 2 , 0 TOl TCMBl '1'02 TOWB2 TLl TL2 G L Z 3, 0 PATM IYrLll IY1'IA2 RAl RA2 TG2TOL TLITOL RFACTR RCRLIM RMAX 
Console sw1toh settings: 
1·down for results of iterations 
2 down for point oond1t1ons 
The oaloulat1on time required is approx1matel1 0.22 
seconds per increment of water temperature. For a kn.own 
cooling range of the water and assumed increment of water 
r.._ temperature, the calculation time can be est1D&ted by assuming 
that a to;t;al of eight iterations will be required, 
I 
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PIOURB 1 
Computer Program Plow Sheet 
£Q.UA1/0N 
OP Of: LINE 
EQUATICJN 
OF Tit: L/)J£. 
JNTEf(.FACE 
C6No1noA.Js 
8 
.~ 
"· 
... , 
I 
FIGURE l 
( Continued) 
hL I (, L-=- o 
!NCR£MtNT 
TRIAL (';!IT~. 
!;2 c ~ i£ ~---" 
\ 
'Cll£r...'K FOi< 
/A/T. f?/!JTt 
77<1 AL )l!J. 
= I 
$TCi<£ J;.r;.c. ( i\ )A =(if~),~ 
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hl.. " )(~::: /0 
FIGURE l 
( Continued) 
TR.JAL N~ 
~ ;i_ >----~ 
r1JJO BE TT£R 
(hL/tr..)A 
10 
·I 
. ' 
,.. 
L 
' 
I 
I 
i 
I 
I 
., . 
FIGURE l 
(Contlnued) 
NTU 
?R//Jt 
R£SULrs~~ 
11 
where 
1·'-·',.,, 
,! ._J 
t = computing time, minutes 
l1 Tw = 'li2 - Tu 
12 
J~ = water temperature increment, Op (Use an average of the two assumed values.) 
The following computing times were typical for this study. 
M1n1mwn ~ 
Average ~ 
Maximum ~ 
4 minutes. 
6 minUtes. 
12 minutes. 
. I 
<. 
... 
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COMPUTER PROGRAM LOGIC 
Ind1v1dual heat and mass-transfer ooef!1o1ents are 
deterlll1ned for given operating conditions by assuming values 
or the hzlko ratio and calculating exit air temperatures 
until the measured exit air temperature is matched. The 
oaloulation is performed for two sizes of increments of 
water temperature, and the results are extrapolated linearly 
to an increment or zero. 
lumber of Water.J?emperature Increments 
Calculation of the bulk air temperature profile, Figure 2, 
1s started at the bottom of the tower and continued until 
the top or the tower is reached. The test for the top of 
the tower is made by counting the number of water-temperature 
1nore11ent.s for the cooling range and assumed /l TL. The 
number of integral temperature increments is oaloulated as 
follows. 
The number of water-temperature increments, possibly 
including a rraot~ of an increment, 1s 
H = (1) 
i'lle size ot the water temperature 1aorement tor u integral 
x,.•ber or 1noreaents 1a 
I 
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JICRJRI 2 
Oraph1oel I1luatrat1an ot M1okl•7 Method 
satu,e.te4 Air Bnthalpy curve 
~ 
(TJ:,2,102) 
~Operating Line 
+-Bulle A1r Temperature 
Prot1le 
· ( '01, 1()1) 
15 
(2) 
where 
I = integral }'.art of N 
F = f re.o t1onal pe.rt of N 
The integral part I 1s then used as a counter. 
Equ111br1um and Operating Lines 
The enthalpy of saturated air 1s calculated as (8) 
(3) 
where 
c
8 
= 0.24 + o.45Ho ( 4) 
The humidity of saturated air, Ho, is calculated using 
partial pressures. 
p 
P-p 
The vapor ptessure or water 1s-;determ1ned from the vapor 
pressure equation of Keell8Jl. and Keyes (5). 
(S) 
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16 
log X T 1 di (6) 
where 
a - 3 .2437814 
b -::,. 0.32601444 
"' 
10-2 
e ::. 0.2006580 X 10-
8 
d = 0.12154701 'I, 10-2 
Po= 3206.18 PSlA 
p :: vapor pressure, PSli 
The enthalpy of saturated air using the above equations 
was programmed as a subroutine. The calling sequence 1s 
A 
A-rl 
SPB ICAL,l 
Return 
,-.. tempeJtature must be 1n the AX register 1n °Fon entry, 
and the enthalpy is 1n the AX register upon returning. 
,he equation or the operating line 1s 
(7) 
At tlae bottom of the t~wer, 
' i 
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' ,.. 
101 = bop+ mopTLl 
At the top of the tower, 
17 
( 8) 
( 9) 
The entering and exit air enthalpies are determined 
using the experiment.al wet bulb temperatures. Since the 
experimental inlet and outlet water temperatures a.re known, 
bop and Dlop can be found by the simultaneous solution of 
equations (8) and (9). The slope of the operating line m0P 
1s the calculated L/G ratio assuming that the specific heat 
of water is one BTU/ lb. °F and neglecting any change 1J1 •ter 
rate, 
Calculation of Interface Temperature 
The interface temperature at a given point in the tower 
is determined by a trial and error procedure since the 
equation of the tie 111'18 and the equations for the enthalpy 
of saturated air cannot be solved for Ti explicitly. The 
interface temperdture is that temperature at which the tie 
llDe and saturated-air enthalpy curve intersect. The 
eqllation of the tie line whieh relates the bulk water and 
mtertaoe temperatures 1s 
(10) 
1 
. I 
- . . - _ ... __ 
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18 
Starting at the bottom or the tower, the constant btie 1s 
where 
101 = entering air enthalpy 
T
11 
== exit water temperature 
( 11) 
( hr/ko) A:: assumed value of the coefficient ratio 
Hence, for an assumed value or ~/k0, the equation of the 
tie line 1s fixed at a given point 1n the tower. The bulk 
water temperature is used as the first assumption or the 
interface temperature. This assumed temperature then allows 
the calculation of enthalpies from equation (10) for the 
tie line and from the enthalpy subroutine for saturated 
air. If the two enthalpies matched within a tolerance of 
10-6 BTU/mole dry air, the assumed interface temperature 
was considered correct. If they did not 1111tch, a new 
assumption of the interface temperature was mde .. using a 
Newton-Baphson 1 tera t1on with. eqwi t1oii ( 10) • The Bewton-
Baphson formula is (1)) 
(12) 
- ' '. ~··· 
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,,,,. 
,I.I • -4' 
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. 
.. 
' j ~ '', .• , ' 
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. .. ~ 
.•. fl , 
I'••• 0,1 
,I, ... ' 
. l . 
' ) 
:.·.,.. ... . .. 
-
... ' 
\) ' 
• J 1.',r . , , . (. · . , ~ ... . i , a,( , • 
. . . <U., );:l.! •••.. 1.. -,.1 , . ., ;..i.,,"•l,t:--
19 
Rearranging equation ( 10) , 
T - -= 0 - t ( T) ( 13) 
I 
f (Tn) :: (14) 
The slope of the enthalpy curve, ~; , was determined 
from a polynomial fitted to finite difference slopes from 
32 to 135°F (12). 
Hence, 
A= 0.33005682 
B=- 0.15084;26 
c ::r. o .4SS30l47 
D ;;- 0 .53607626 
E:; 0 .32368193 
F~-0.55382304 
X 101 
x 10-Z 
X 10-4 
X 10-6 
x 10-9 
(15) 
(16) 
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Thil 1 tera t1on method is equ1 valent to t1nd1ng the 
1ntersect1on of the tie line and the tangent to the saturated-
air enthalpy curve at the assumed interface temperature. 
The intersection temperature is the new assumption. For eaoh 
point 1n the tower, T1 , T0 , T1, 10 , 11 , (11-10), and 
1/(11-10) 
were stored 1n matrices. 
MoYin,g Prom Point to Po1At 
The bulk air enthalpy for successive points 1s obtained 
by incrementing the water temperature as follows 
1o + l =. b + m ( TLn + '1 TL) 
,n op op 
( 17) 
The bulk air temperature is approximated by a straight l1ne 
over a small temperature increment. The equation of the 
straight line between the previous interface and bulk air 
temperatures 1s 
(18) 
where the constants b0 and m0 can be eva
luated from the 
prev1oW3 interface and bul~ air temperatures and enthalpies. 
Tlle bulk air temperature for the ne~t point is then 
de~etm1ned b7 substituting the bulk enthalpy for the next 
po1n·t, as calculated from equation (17), into equation (18). 
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The iteration tor the 1ntert'aoe temperature and 1norement1ng 
or the water temperature is then repeated tm.til the water 
temperature bas been incremented to the inlet water temperature • 
Convergence ttethod for Exit Air Temperature 
When the top of the tower is reached, the calculated 
exit bulk air temperature 1s compared to the experimental 
exit air temperature. 'fhe calculated and experimental tempera-
tures will match only if the correct value or hJ/ko has been 
assumed. 
A Newton-Raphson convergence method is used to obtain 
the correct ratio of llr,fko• Two initial values are 
assumed, (hiJko) Al. and (hr/ko).12 • The corresponding exit 
air temperatures, (T02) 01 and (Ta2) 02 are calculated for 
these ~ssumed values. 
If ('l\lz)ex 1s the measured outlet temperature, 
< Ll · To2) cl < To2) ol - < TQ2) ex 
(.1. To2lc2 = (Toz)oz - (To2)ex 
It 1s desired that (t..·Toz) 0 ::=. O. The assumed value 
ot hLJ'ko giving the smallest absolute value of (4·T02) 0 
( 19) 
(20) 
1a then used as aasum,t1on •n• and the othttr aa assumption 
'1,' 
•:a-1• 1n the toll°"1JII 1terat1on t'ormula 
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( 4 ~OZ)an 
(j Toz)cn - ( A T02)on-l (- ~~1n - ~t~) n•l 
The entire oaloulati~ 1s then repeated w1 th the new assumed 
value or ~/k0• When the calculated 
and measured exit air 
temperatures matched within 0.0001 F0 , the iteration was 
term1Dated. 
The number of transfer units is obtained using the 
trapezoidal rule to 1ntegrate the follow1.ng integral for 
the number of transfer units • 
NTU - dio 
Simpson's rule was not used to perform the integration 
be11uae it requires an even number or increments which would 
,~ I I ' 
require a small but additional amount or programming • 
Qalc1Q,1f 1on ot ,09ert1Qpt1. 
' .. 
'!be hx/ko ratio and N'l'U1B are oaloulated for two water 
temperature 1n0rements aa4 extrapolated linearly to a water 
temperature 1n0rement ot zero as described above. 
( 2l) 
(22) 
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2) 
!he ~por-pbase .-ss-transter ooett1o1ent 1s then 
where (N'l'U)
0 
1s the number of transfer units extrapolated 
to a water temperature increment of zero. 
' . The Lewis relationship 
(23) 
( 24) 
1s used to obtain the vapor-phase heat-transfer coefficient 
¥• Th1s assumes that the areas tor heat and mss transfer 
are equal. An ar1thm8t1o average of the terminal values 
or the humid heat 1s used. 
The liquid-phase heat-transfer ooeff1o1ent 1s then 
(2.S) 
where 
the ooerr101ent ratio calculated by 
1tera~1on ~d extrapolated to a water temperature 1noremen.t 
ot zerQ• 
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(ri-er·. 8en41 ticm 1'eJta 
It the assumed hiJko ratio is too small, the bulk air 
temperature profile will meet the saturation ourve. Thie 
oond.1 t1on 1s termed fogg1Dg and is detected by requiring 
the bulk air enthalpy to be a minimum of 0.001 BTU/mole or 
dry air less than the 1nterfaoe enthalpy. Wilen togging is 
deteoted, the current assumption of h1/k0 1e multiplied by 
a specified number greater than 1.0. Calculations are then 
restarted at the bottom of the tower. 
The new assumptions of h1/ka are restricted to obtain 
convergence on the exit air temperature. If the reported 
exit dry bulb temperature is too high such that an infinite 
hr/ko ratio gives a lower calculated exit air temperature, 
the oalcul.ations are DBde using 106 for h1/ka for only one 
size A irr,. A note 1s then printed w1 th the calculated 
exit air temperature followed by the usual printout. This 
condition is detected by requiring that the assumed h1/kc} 
ratio be less than a specified maximum value. A. maximum 
allowed value of 3000 was used. 
If the actual hykc} ratio 1s small, negative assumptions 
may be calculated from equation (21). In this case, half 
or the prev1~ assumption is used. 
Convergence will not be obtained if large corrections 
are allowed on the previous assumption or hx,/ko• Too large 
a oorreetion is -detected by checking if 1t is greater than 
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a speo1t1ed traot1on ot the previous asswapt1on. If this 
oorreot1on 1s exceeded, the oorreot1on term is multiplied 
by this traction and applied to the previous assumption. 
However, this correction may still be greater than the 
specified rraotional oorreot1on. Experience must be the 
guide for this allowed fractional correction, or the 
programming must be more soph1st1cated which does not seem 
worthwhile. A value of 1.2 was found to be satisfactory. 
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RBSUI.Q.'S 
Detaila ot the ooollng towers, reported experimental 
aata, and calculated values are presented 1D Appendices 
c, D, and B. Figurel, 3 and 4 show hoa as a tunot1on of 
air rate With liquid rate as parameter for the data of 
Simpson and Sherwood (14) on towers R-2 and M-1. The 
eoatte~ or the data 1s such that the effect of liquid rate 
is entirely uncertain and the effect or air rate can only 
be est~mated roughly. 
For tower R-2, 
For tower M-1, 
ha = 32 o0 •26 0 
( l) 
(2) 
In an attempt to eliminate the scatter of the data, the 
enter.tng wet bulb temperature was examined as a th1rcil 
parameter tor the results of tower R-2; however, no trend 
~- noticed. T~e use of an arithmetic average of the humid 
heat ~t the top_and. bottom of the tower cannot account for 
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Details of the cooling towers, reported experimental 
data, and calculated values are presented 1n Appendices 
c, D, and E. Figures 3 and 4 show hoa as a function or 
air rate with liquid rate as parameter for the data of 
Simpson and Sherwood (14) on towers R-2 and M-1. The 
ecatter of the data ls such that the effect or liquid rate 
1s entirely uncertain and the effect or air rate can only 
be estimated roughly. 
For tower R-2, 
26 
1.478 G0.75 ho8- - (1) -
For tower M-1, 
32 oo.26 (2) h0a --
In an attempt to eliminate the scatter of the data, the 
entering wet bulb temperature was examined as a third 
parameter for the results of tower R-2; however 9 no trend 
was noticed. The use of an arithmetic average of the humid 
heat at the top and bottom of the tower oannot account for 
the scatter since the variation 1s only 2% while the 
ooeft1o1ents scatter about 70~. 
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!he data ot Simpson and Sherwood ror tewer R-1 were 
obtained at an ~pproximatei, constant air rate ot lJOO 
lb./hr. sq, rt •. hr;8 was plotted tor this tower 1n Jigure 5 
as a tunot1on or the ari thmet1o average ot the terminal 
water temperatures with water rate as parameter. Ho effect 
or water rate or average water temperature 1s evident. A 
plot of~ as a fUDOt1on of water rate showed no trend, 
The results for the data ot Simpson and Sherwood for 
tower M-2 do not correlate, 
The data of Parekh presented b1 Simpson and Sherwood (14) 
allowed a correlation of hoa and k0a as a function or air 
and water rates as shown 1n Figure 6. 
(J) 
S1noe the average humid heat was approximately constant at 
0.2.53, 
(4) 
The results calculated from the data of London, Mason, 
and Boelter ( 7) are shown in P1gure 7. Ho eftect ot 'Nater 
rate 1~ evident, and the effect or air rate can be est111&ted 
trom the tollowing equation 
hoa = 0.0216 a1•21 CS) 
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hc)a-Tower or London, et al. ( ?) 
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The experimental data for which no calculated results 
are listed and marked with an asterisk did not yield 
solutiODB for the transfer ooerr1c1ents. It is thought 
that these data yield bulk air temperature profiles yery 
olose to the saturation curve throughout the entire tower 
with togging occurring 1n the tower which the program cannot 
detect. These oaloulations required manual intervention 
by the computer operator at object time to bypass the run. 
••• ~..,. -d ••• ·~ ~ ;..,. 
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Table I and 11gure1 8 and 9 1how the calculated values 
tor run 17 on tower R-2 or Simpson and Sherwood (14) tor 
assumed errors 1n measured exit wet and dry bulb temperatures. 
An error of o.os,0 1n the exit dry bulb temperature near the 
saturation ourve yield.I a 10% error 1n the oaloulated value 
of hr/ko and only a o.21~ error 1n kCJ8· An error or o.o,SF0 
1n the measured exit wet bulb temperature, assuming the. t 
the air is saturated, gives a 1.JS~ error 1n the coefficient 
ratio and a 6.65% error in kc,8• 
Hence for this speoifio data point, the hL/ko ratio 
1a sensitive to the exit dry bulb temperature, and the vapor-
phase coefficients ~re sensitive to the exit wet bulb 
temperature. Since there 1s a tremendous number of combina-
tions ot experimental variables, future 1nvest1gators should 
determine the magnitude of the possible errors for their 
intended range of variables bef'ore obtaining experimental 
data. The experimental. error in temperature measurements 
is proba.blf s1gn1!1oantly greater than 0.051° indicating 
that most ot the Nported data is not 1ut'fio1ently accurate 
to obtain corr~lat1ons tor the transfer ooeft1o1ents. 
Since none ot the reported data allowed correlation or 
the hifko mtio, it can be oor19luded that the experimental 
JJ 
The experimental data ror which no calculated results 
are listed and marked with an asterisk did not yield 
solutionl for the transfer coefficients. It 1s thought 
that these data yield bulk air temperature profiles yery 
olose to the saturation curve throughout the entire tower 
with togg1Dg oocurrillg 1n the tower which the program cannot 
detect. fhese oaloulations required manual intervention 
by the computer operator at object time to bypass the run. 
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Table I and Figures 8 and 9 show the oaloulated values 
tor run 17 on tower R-2 of Simpson and Sherwood (14) for 
assumed errors 1n measured ex1t wet and dry bulb temperatures • 
.An error of 0.0.511° 1n the exit dry bulb temperature near the 
saturation ourve yields a 10% error 1n the caloulated value 
of hi/ko and only a o .214% error 1n ka8. An error or o .o.5F0 
1n the measured exit wet bulb temperature, assum1ng that 
the a1r is saturated, gives a 1.35% error in the coefficient 
ratio and a 6.65% error in kcf,• 
Bence for this speo1f1c data point, the h1/k0 ratio 
1a sens1t1ve to the ex1t dry bulb temperature, and the vapor-
phase coefficients ~re sensitive to the exit wet bulb 
temperature. Since there is a tremendous number of combina-
tions of experimental variables, future investigators should 
determine the magnitude of the possible errors for their 
intended range of variables before obtaining experimental 
data. The experimental_ error 1n temperature measurements 
is probably sign1f1cantly greater than 0.051° 1nd1cat1ng 
that most of the reported data 1s not 1uff1o1ently accurate 
to obtain correlations for the transfer coefficients. 
Since none or the reported data allowed correlation of 
the bz,/.ko ratio, it can be oonoluded that the experimental 
3~ 
TABIB I 
,{ ' 
,, .• .. \..I•,, 
.. - -~-·· ·-- -· --- . ·- Btteot ot Errors 1n B.x1t-A1r Temperature Meas1ANmenta 
Run 1? on Tower R-2 ot Simpson and Sherwood 
fwB2 To2 ho8- h1a kc;8 hz/ko NTU ~. 
0 0 279 1003 1094 .913 J,8S ,254 
0 .s 176 1556 69 2,24 2,43 ·.254 
0 1,0 136 2662 537 4,96 1,88 ,254 
0 1.63 102 402 1.41 .2.54 
1.0 291 817 1147 .712 4.02 .253 
1.0 267 1259 1053 1,20 3.68 .2.54 
2,0 256 1637 1006 1.63 3.52 .254 
., 
• 
' . 
·'.:' ! •. l.' ....... ' 
( .. 
• J 
'.: •: •,)· 1 ' t • .. ; I l 1.. j ..• 
I' ; .,. ! "H '... ".'. I , ...... - . ) . C> I . ~ J', \ . l ';: 
I .: _' •, •• j~ ,~.; ' 1 I, , .) ~'' I ~1 ~• ' ' • 
.,, r,f 
.. \ ..... 
t.J t,,J. 
-. ,·• .. "Jl· •\;, 
:.m r l~i m. ~;fl Yl #P. ::ii.1 itt1 mi ~uri · 1 i ~j E • f 
,;· jl ! 
. ; •i 
l • ' ; ~ : .. ! . ~i i~ ~H ,; I ,.  
i1 t i t~ . ~ .. 
~ f q~ ·ft ·1u i. . ... u ' .. t :!J m 11 ti 1 £ 1 t : ' 1 t' t f + I 
'I 
j t• ,1 t •. t 
·:~ r ~ .. 1 j .1T1 !H l' .. •·• ..... ·-· t.T ~: j .. l t 
:t t 
t ·r. , o1. ·t 
Jtit 11 . :i :: ~j 
• 
'., 
1 
.. .. 
,•l• t 1· 1 :l ; :1 t >>l ! ;_. I 1 ·• H 
.; 
-~ 
.; t· l 
: t;i I ... 1 lH .. 1 
I 
,.,+ 
h 'II 
. . ~ • .. 
.. 
··1:1; hi 
-
-i • j 4 t1 , . ~ 
::it ~ ~ .1 1:mt .( 
+ ~It 
:1 • l ' 
;b r .. ~ I!' I fr; . · -' 11: l • !1 1 l l I l t 
q .. J 1t •· 'i ii ·-ti· 
f•H 1 i Li, :i 'j';. · t •1 ! ,. -
! l i JJ it 
•• j 
.... t•-' ,J • 
. :t 
- ' 
:::~ 1! ~ if 
1~ ri:· ... t ir t·.. .... . JiH - j '& • l• !.J ·H rt fiti · • ;! !+ · "i ! ! i.! ~ , I 1 i mt ,.1 l ! :! !J; T ti .~ ... t;,, ,. i 1+ 1·•d ,;t . .;t .. t 1 . • .1. ,; 
.... t•" 4J wj f t!r'[ffii )~1· 1+•~ ·•r-+11 •,t1 1 •ij ~ (1 tU!l ( 11 ~~ · /n 't f1 •II t 1 ·I I - 4' t • + t t 1 
'.'!:; t.tl~ ;; f '.+ ·i I r:· 1 1·W1" 1 "·;~. 1 r.!iT1fll · i ~ 
1' ,,, .,.
t-t • . .• . f • • ., • • • ~ t"" ' ' 
.,. ,1 . .-
• ~J: ;'·; t 
~tt 1ff ffi1 ~11 ,.,J il:'-l -..~ "t j ! Jt ll . i -~ +·• I 
~·tr .. 
.-4 . ' t-Hj tr "1 + ! - ... t l ttHl .. ,1 t •i ! 
.. 
:::r tH+ ; , j !' i ! ~j ; ii• . :::~; + 
.. 
,.-
> l 1 •• .
 t 
+- , .L 
.. . ... .. l 1 
• 1' II 
•I" ·!·• j. c.1: t ! 't'ti + • 11.l I I :.J., ··~t +t + 
-+;. I j ~ tl .. r1t !ht 1 l '. i l ... 
·1·· ...... f.· • 1 ~- • -,-; i : J.t . + .t n 
~ i r J i -t 
::::n: . n. I . ,-, I I ti, tL -;jd t:t.~ t k 1 H;:i 
H, ,) I :jp, 
.. -q· 
~- · jiL i ~ .. ... •-•,+ i::! :ii:i -.n t iui '{ l 1J rl~ . ·:~ tP~ lJ~ . ~ 11-ti ·r. t .1 .. r. I ..... f'l . . ·ff 
_.,J. - f :ti rn ..... ,, l 4-+r- . ,.::i· '+ 
.. t •• tl ,;--,-1 ~ .... t 1 l. • ... t ••t t 
rr . ,.+ 1-f rl. . • f. ,,. • • ,1 
., ,-
..... tit .i, ·tt hj· JI r· ~ i iradm ·i~ !fl' 1 fJ • qJ t rm ,, f;ll.; hr P~l tt : • t fl. di : ; '1 . , L j~ 1 fi W:t ~ tt . •I j h 
··+1 •i•tJ ., l t .. ~ ;i l ! • ; H t . -t• "1"-f 
r:;. 1t:J .r-+ l L.!1 ~ 
.. ~ . ;~: i~r ·H 1 @. Hf 1~~ ' tj ~tt! •11 .i.. q"· ... H -t· ..... + . (. t lli t··-I rr l+t: ~J;.l * ui I •• I r~,. 1:u Ii iJ f!-+!' · f ~' i:Hi Jf ·· t  t I- >-·'t .• ~ ttB ".ti 
• •1 · l U: . : • !. •. ·r-1. 
... n ... 
. ,. , ... , , _..tr•· H ~ •1 ' • u +-!1 
...._ • t I .• l-' + I • .. +t+-
...... µ.· ~ H f-r tttl ii/' :r }if 'lli ff tW ·it ::r jffi· i~ Jr·rJtt+ t ~Ir· p :mt :.:il. tt.tt L d : .• t.. 4 • ~1 l- I f' J 1 i• I .... :41 . r:.!: !st ·::i: I, di ;j~± t. ... t j >+•...:. +- II 4 H1 Li -H; +-+T' ~ :, i , '1~ .. ;. ' .. 
'1. t +1 it :t 1ff jtH + . ', t-:-;1\ ··r ·rt I+" • + -+-+ , r: ~T L :n;~ 
t- . i~. ~rn im-:r, .. , 
- f* • T t i-+ • I - +-
·::'.£ I '. t, ~j +T .. '.fit i +I ·!i i+++ }, u.: µ4! 
jn .i· ·.~.ri~ 
+• ... ~t ••. , ._ -t ...... -·' 
... rw . ; l :r ~ 11,f ·• !+, .. ,i 
.... 
• , :1 d •. rl ...... ,1 rm ~!ti,... -l 
,Hr- II ~ rf ~fi +~f f.l:L :hl ++tt ;{8:l~ E lfil:} ri grru ·H ·t r1 T' ~.1 Ti -IJ· ... , ... t '-1'1" ~ .. :1' _z_: (; -=-~t H1· t 1. !t J1~l ~ ~I~~_.: 
-·· 
•t• .,--. . J·t1 .. ~t~ ;!.[± +--+:• 
... , • 1• j H • • '• ! •1·1 . ; ·-~ ~ 
1 f,+; L t >< H .  . . 
f<I,+ 11,·,H .11._, .. 1. 
.... u· [1ft' eHII ~-M H:i f-1. •1-·t+ . -11 ~-', l- . } '1 I LI t l!i-tt .. 1 .... Frtt H H·!-l ••·! ···;J,.ll" Th• f tt,1 • J (J" 1 t; I j. 1- J 1'! ·:r. ~r1 tT r: : +; ::: ; .1t ! : .- 1.1! 1u. H t~ i . j. • t . t . ·[1 J ..... i •. ·- t- ..__ ·tt·· _. .• ..1--t-: ; ,+; i ; l't i i ,1 t ~;1, d• .... :,, 
.... lt+ .. , ilit tP! t! .. ,11 '\Hi;: t- -+~t ! Im t1. (l..Jf 
i f rn-11 r 1·'1 1'·· 1•J1 J ... ,. j.l- .. ft-:t :.. : : ~ t -~:. r- i l. i 1'T l 
Tl • • i t r 1 r ' i :r . ~-=-
.. ; ;, -. '~ 
:.,f.;.; .. H ... I 4H tt • :r: l •. . ti - . 
,t, ttf; ~ .. , • • J, • I J,' • j ! I 1 • ! r' 
~mi µ;- +, ;I i.(,: fl~ +il ITT [;:Ji 1+1-;i + .... ~.; -+ -~t m ""·· A t 
.. 
· W-1 l I ·t • t I·~ I 
·•-r :r H 
., 1
.i 11;' 1::. 
,:) 'i1' .... ,. ., rj· r:ii-1 
; 
11·· • -t - .. , "- . Ht-t I .1 + . 
.. ..... ,1·· 
... µ i -· ·'"' #;+ .... ll- ± + 
~ ,. t· ,. 1 r'-111--Lt I .i:. ··8l,i .... 
• cl. • ' :t r ~ I+ ttr r·: --i-, ~, a 
r..,.ti1l ,. 1 T' 
•• '. I ,4- . :tt .,
 
; i; • · ~:+I~, 1 L 
• t · r .. , 1· 
..;.p. . ,. • - .t.; H+ + I 
:.r 1 1t1 i . t ff 1'+t ~ i-::-: j #1 ! 1J J 
,l uil !:-] 1' d ...... 
;+ t 
..., • 1- l ..... 
t. , ,. q 
C 1- 4 J J 
1 
t .. ·---t ~ t J, r'· 
~+~ .. ·~t 
> ~-
I 
' 
C ..+~. ; . J .... 
j j • 1 
"tt ·:t l± Jr:~ 
.... ,. 'N l,11 ti. i, ~~ 
rSt ... H • • . H· .
 . 11-H · :µ ·1 
~ti 1· ~ " t + I - !,; ~- I~ lt L ~- .. µ 
.. , tr .. 
r' I~ ' :· m t+ ' f + 
.. ... 
-L ili:U h tJ 
•· l ff 
·1 
. -~ i:L 
:;1 ·+I· l i. 4- it 
~ ~ 
-
,, ,~· ! 
j. 
4 I· J+J I 
j t~ J£ ..:· i' ', t' t 
-H tJ.i 'i r 
, 
.;. ' l~ 
+ 
-'"' 
~. +· I 
.• ::i. ,- .. 
rl· t--1 .i f-t . 
., 
. 1. t' 
~ i~ + f+
i 
~ 
4 
-
~µ. rt I .;. tr:~~- I- H' 'i T 
:-tt 
l·-+1-t"· ~- : 
·H 
f- .. J +1 H 
l 
.l. + 
.. 
.. 
i 
.., 
: 
+ 
-t 
I 
' 
HI 
37 
IJ,fl 
,1±1 
tl 
+ 
I 
., 
., 
38 
48.ta a.e not very preo1se or aoourate, or this ratio is 
extreme].y sensitive to the measured data, The large scatter 
of the vapor-phase ooeff1o1ents also 1nd.1oates that the data 
are not reliable although there 1s an apparent trend with 
air rate. 
• 
j ,,· ;, ,f•. 1 ••. - ''- ·~-· / ,·· _,. ... " ··{., • ........ • 'J ~ 
.. l ~ '· '-~ .. '! .. •')": e._ ii; -·J. .i r ....... ~}j'~l •• • 
. ,\ I .•. 
39 
OONOLUSIONS 
1. The aoourao1 of the available experimental data 
does not permit as accurate correlation or the 
transfer ooeff1o1ents or an evaluation or the 
effect of the simplifying assumptions 1n M1ckley's 
method. 
2. The computer program can be used to determine the 
degree of experimental accuracy required for a 
given degree of certainty 1n the coefficient 
correlations. This will be useful 1n pJann1ng 
experimental runs. 
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RECOMf:INJITIOH§ 
1. The computer program should be modified to handle 
oases where the bulk air temperature profile is 
close to the saturation curve throughout the tower 
and quickly reJect bad experimental data without 
requiring computer operator intervention. 
2. The computer program should also be applicable to 
dehum1d1f1cation as well as water cooling; howeTer, 
this should be verified. 
J. Since a great deal of computer time 1s involved 
to analyze data, any mod1f'1cat1onB to reduce the 
computing time would be worthwhile. 
i' 
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IDBBDIX l 
'fest Problem tor Computer Program 
Below are the data and answers for rim 50, tower l 
of Simpson and Sherwood. This data oan be used to check 
for proper operation of the program. 
Data 
-
2,0 95 80 91.9 91.2 84.8 101.8 1438 1160 3.448 11,0 50 3,014.696 .2 .15 1.4 2 .00011-6 1.2 .5 3000 
Answers 
0.816.51 
1848 • .53503 
11.52 .504.53 
1.60392 
2.76344 
0.25226 
42 
The constants on card $J,O were used 1n the e.nalys1s 
or all the experimental data. 
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APPUJ))X !l 
Btteot of Iteration Tolerances and S1ze ot Water 
Temperature Increments on calculated Results 
4J 
The !1rst logical tolerance to try on the exit air 
temperature is the experimental precision to which the exit 
. 0 
air temperature 1s known, approximately O .o.5F • By similar 
reasoning, a tolerance of o .o.5F0 would seem reasonable to 
use for oalculat1on of the interface temperature. Table II 
shows the effect of these tolerances on the calculated 
values of NTU and ~/k0•
 Because or the large amount or 
numerical computation and iterative nature of the program, 
the acoumulated error resulting from incomplete 1terat1on 
is reflected 1n the calculated values. A completely or 
fully iterated solution would require that tolerances on 
iterated values be zero. This 1s very impractical and 
probably impossible. Hence tolerances had to be used which 
are much smaller than the precision or accuracy of the 
measured values. Tolerances of .0001 and 10-6 were used 
for the exit air temperature and interface temperature 
respeo.t1vel.y. These tolerances yielded three digits o! 
aoouraoy 1n NTU and hL/ko as regards the tolerances. It 
was al~o round that the computing time was not sign1t'1oantl.y 
affected by using these •ery small tolerances. 
S1m>e the NTU's are evaluated by numerical integration 
. 
usw the trapezoidal rule, the result will depend on the 
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Table II 
Bftect or S1ze or Tolerances and Water Temperature Increment 
T02TOL 
.0500 
.0500 
.0500 
.0500· 
.0500 
.0500 
,0500 
.0010 
,0010 
.0010 
.0001 
,0001 
,0001 
.0001 
,0001 
TLI'IDL 
.10 
,10 
,02 
.02 
10-6 
10-6 
10-6 
10-6 
10-6 
10-6 
10-6 
10-6 
10:g 
10 
10-6 
DTLl 
.15 
,20 
.15 
.20 
,15 
,20 
.25 
.15 
.20 
.25 
.06 
,10 
,15 
,20 
• 2.5 
N'l!U ht/ko 
2.70247 1.64718 
2.68524 1,67113 
2.70022 1.69240 
2.68353 1.11642 
2.70023 1.69278 
2.68354 1.71679 
2.66848 1,73905 
2.71305 1.67481 
2.69755 1,69661 
2,68182 1,71933 
2. 74388 1.63306 
2.73035 1.65112 
2,71379 1,67378 
2.69664 1.69791 
2,68102 1.72050 
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a1ze ot water temperature 1norement used. The NTU's and 
hi,/ko ratio are plotted 1n Figure 10 as a t\Dl.Ot1on or 
45 
the size or water tempere.ture 1norement. The effect or the 
exit air temperature and interface temperature tolerances 
1n this t'igure has been eliminated by usJ.ng the satisfactory 
values determined above. Th1s figure indicates that a 
linear extrapolation to a water temperature increment of 
zero 1s suf'f1c1ent to obtain three s1gn1f1ca.nt digits • 
46 
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APPENDIX .Q. 
Ta.bl.a III 
Physical IE.ta on Experimental. Cooling Towers and Pack1..ng Ma. ter1.al.s 
Tower R-l. R-2 M-1. M-2 Parekh 
Reference 1.2 1.2 ].2 1.2 1.2 
lnterne.1 w1d th, in. 41 5/8 41. 5/8 41. 5/8 41 5/8 
Internal. depth, in. 23 7/8 23 7/8 23 7/8 23 7/8 
Tower height, in. 84 84 84 84 
Packed height, 1.n. 41. 3/8 41. 3/8 41. 3/8 41. 3/8 1.9.]. 
Pacld.ng me.ter1al. a a. b b d 
Packing spe.c1.ng: 
Hor. centers, 1n. 5/8 5/8 5/8 l/2 
Vert. centers, in. 2 5/8 C 
No. vertical. sheets or assembl.1.es 61. 61. 61. 77 
.'.f'ota.l. no. slats 1008 854 
a. 
b. 
c. 
d. 
e. 
Redwood al.a.ts 23 l./2 1.n. long by 2 in. high, with bottom edge serrated. 
Mason1t~ sheets 23 l./2 in. by 41. 3/8 in. by 1./8 l.n. 
Vary1ng·trom 3 5/8 in. at the top to 2 5/8 1.n. at bottom. 
2-1.n. ceramic r1.ngs 
Ovate slats, 2 3/4 in. high, 7 /8-1.n. maximum th1.ckness 
Lon.don, et al.. 
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Table IV 
Bxper1mental Jlita--Tower R-1 ot Simpson and Sherwood (14) 
Bun TL2 '?Ll TOl TOWBl T02 TCMB2 
L G 
l 88.2 75.0 98.4 10 80.9 78.9 868 
lJJ2 
2 106.6 78.8 93. 70 87.7 87
.3 868 1332 
i 99,3 ao.3 95.9 75 
87.0 86.o 868 1332 
110.s s2.2 95.0 75 91.0 90.5 
868 1332 
g 109.5 as.i 9~.J 80 93.0 92.5 
868 lJJO 
96.5 8;. 95.8 80 88.2 87.0 
868 1330 
7 100.s 87.6 9~.7 85 92
.1 91.1 868 1315 
8 118.0 89.9 97.1 85 97.9 
97.7 868 1315 
9 92.8 76.S 90.s 70 
83.0 82.l 1014 1)57 
10 lOJ.4 79.2 93.2 70 
88.2 87.4 1014 1350 
11 90.2 79.5 90.5 75 84.2 
8J.2 1014 1348 
12 105.8 82.4 95.9 75 91.0 
90.1 1014 1JJ2 
13 95.0 83.6 94.J 80 
88.4 87.5 1014 1330 
14 10~.6 86.o 97.1 80 9J.4
 92.8 1014 13)0 
15 105.1 89.l 93.5 85 94.9 
94.4 1014 1320 
16 110.J 89.9 9;.6 85 96.8 
96.4 1014 1320 
17 98.l 88.S 90.9 BS 92.1 
91.7 1160 lJJO 
18 108.2 90.s 89.4 85 96
.6 96.5 1160 lJJO 
19 93.9 84.2 89.2 80 
88.2 87.8 1160 1)40 
20 104.6 86.8 92.s 80 93.6 
93.2 1160 1332 
21 95.5 81.9 88.l 75 87.0 
86.6 1160 1350 
22 104,.5 84.0 87.S 75 91.
4 91.2 1160 1350 
j ,. 
~4 91.8 77.9 83.9 70 
83.2 82.8 1160 1365 
·I 
'i 
101.2 80.2 85.1 70 87.9 
87.8 1160 1365 
,. 
25 84.8 75.a 85.4 70 
80.5 79.7 lJOJ 136.5 
26 98.0 79.4 89.S 70 
88.0 87.3 1303 1355 
27 94.2 s1.2 87.2 75 
87.2 86.9 1303 1352 
28 102.0 83.2 88 75 
91.5 91.1 1303 lJ52 ·, 
29 97.9 as.o 90.s 
80 90.9 90.3 lJOJ 1;37 
• ., 
JO 105.8 ao.9 91.3 80 95.1 
94.8 1303 1337 t 
)1 101.9 89.4 89.2 8.5 
95.0 94.7 l)OJ 1332 s 
fl 109.s 90.9 91.6 
85 98.7 98.5 1303 1330 
~ 
t 
,t 
83.7 75.6 84.2 70 so.o 79.1 
1448 1365 J 
94.l 79.2 86.9 70 86.5 8
5.9 1448 1365 
,:} 
5i 92.6 81.J 89.6 75 
87.1 8Ei.; 1448 1347 
')< 
100.8 83.8 91.0 75 91.7 
91.2 1448 1357 
3, 97.0 85.s aa.o 80 90.9 90.3 1448 
1J42 
3· 104.4 87.4 88.4 
80 9.5.0 94.8 1448 1J42 
39 96.3 88.2 91.6 
as ,2.1 91.s 1448 lJJO 
'40 104.9 90.6 92.; as 
97.0 96.8 1448 1JJ2 
.. ~ 
I ....... 
• 
. 
• 
• 
• 
• 
.. :. 
·, ' 
. '· .. 
• 
• 
• 
• 
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Run 
41 
42 
~ 
4S 
46 
47 
48 
49 
50 
,.·· 
i 
, . 
.'• 
so 
Table IV 
( Continued) 
-
...._._ 
TL2 TLl TOl TCMBl T02 TCMB2 
L 0 
103.2 86.2 89.7 80 93.7 93.s 
1160 1160 
10,.1 86.l 87.9. 80 93.1 93.0 
1160 1210 
103.0 86.o ,2.0 80 93.1 92.8 
1160 1215 
103.6 85.4 89.0 80 94.4 94.2 
1160 1090 
102.3 85.1 94.2 80 92.7 92.0 
1160 1332 
102.6 85.0 95.9 80 92.9 92.5 
1160 1310 
102.0 85.1 89.0 80 91.9 91.7 
1160 1382 
102.1 84.8 91.0 80 92.0 91.B 
1160 1359 
101.a 84.8 95.0 80 91.9 91.2 
1160 1455 
101.8 84.8 95.0 80 91.9 91.2 
1160 1438 
51 
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Table V 
Experimental ~ta--Tower R-2 ot Simpson and Sherwood (14) 
Run '12 TLl Tol TCJWBl To2 'ows2 L 
0 
• • 
. 
1 111.1 88.6 92.5 7S 98.? 98.2 882 707 
. 
.. 
2 107.2 84.? 93.4 75 93. 93.4 
882 958 
.. • • 
3 105.8 83.3 93.7 7S 90.s 90
.3 882 1212 
• 
. 
4 101.0 82.5 93.3 7S 90.0 8
9.1 882 1u1 
• i 10 .J 81,8 91.0 75 
88.6 0e.o 882 171~ 
• • 
107.9 9il.,O 97.0 75 98.8 98.8 
1178 
• 
. .. ~ 103.2 86.3 90.0 75 ?t:i 
93.6 1178 958 
101.1 84,0 94.6 75 90.4 1178 
1209 
• 
. . 
9 99.75 82.7.5 94,8 75 90.1
 89.2 1178 1336 
10 98.9 82.0 92.6 75 88.9 87.8
 1178 1464 
11 106.1 92.8 87.8 7.5 99.2 99.1 
1473 705 
l2 101.3 88.0 89.0 75 93.9 9
3.9 1473 958 
lj 96.8 85.4 88.4 75 91.2 90
,8 1473 1210 
14 97.1 83.9 97.8 75 90.8 
89.3 1473 1336 ' 
15 96.0 82.7 95.9 75 89.4
 88.l 1473 1460 ' 
( 
16 114.2 91.7 92.0 80 101
.2 101.2 882 738 ' 
17 lll.l 88.6 92.3 80 
96.8 96.8 882 985 
18 109 • .5 86.9 96.7 80 94.4 
94,2 882 122.5 
' 
19 109,l 86.4 93 .o 80 9
3.2 93.2 882 1352 
: 
108.2 as.1 96.1 80 92.8 882 14
69 ' 
20 
92.0 
21 110.7 93.8 98.5 80 101.5 
101,4 1178 ?JO ··i 
22 106.7 89.8 96.8 80 97.3 
97.2 1178 979 
~ 
>l 
23 104,i 87.4 89.5 80 93.8 
93.6 1178 1237 
~ 
'.~ ,. 
24 103. 86.6 91.5 80 93.3 
93.0 1178 1355 
.!.I 
i 
25 103.0 86.o 88.9 80 92.1 
92.0 1178 1487 ' ) 
26 104.6 91.1 92.1 80 97.0 
96.9 1473 98.5 
,, 
:i 
,~1 
i~ 109.8 93.0 93.4 
80 100.:, 100.3 1473 984 
·1 
., 
~ 
101.0 ~7.5 92.8 80 93.3 92.9 
1473 lJSS ·' 
29 105.2 a.7 92.8 80 96.0 95.6 
1473 1355 i 
JO ~oo.J 86.8 90.0 80 92~9 
92.1 14i3 1482 
C 
31 117 • .5 95 96.4 85 104.S 104.5 
8 2 729 
·.] 
:~ 
32 114.5 91.7 99.3 85 
100.2 1do.2 882 966 d 
33 113.§ 90.8 98.l 85 97
.8 97.8 882 1210 11 
34 112. 90.2 9;.s BS 96.8 96.8 
882 1338 
~: 
5g 112.1 89,6 96.7 
as 96.0 95.3 882 1520 
.~ 
113.s 96.9 99.0 BS 104.S 104.2 117
8 725 
', 
37 il~:l 93.4 97.1 as 1Q0~6 100.5 
1178 9?0 
38 91.0 92.6 as 97.6
 97.5 1178 12Z3 
39 107.4 90.4 96.3 es 9
7.2 96.7 1178 1;34 
40 106.7 89.8 94.2 85 96
.1 ,,.s 1178 1460 
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Table V 
(Continued) 
Run TL2 TLl '01 TOWBl '?02 
41 112.0 98.6 94.6 85 104.S 
42 108.0 94.7 100.0 85 100.7 
~ 106.0 92.6 101.2 85 98.9 104.6 91,l 98.0 85 97.1 
45 103.9 90.6 98.0 85 96.5 
';.. 
TCJWB2 L 
104.S 1473 
100.7 1473 
98.J 1473 
96.8 1473 
96.0 1473 
52 
G 
732 
96S 
1207 
1332 
1454 
,; 
j 
l 
:i ,,
1 
:-~ 
,., 
53 
Table VI 
... 
I ' ! 
B.xperimental nata--Tower M-1 or S1apaon and Sherwood ( 14) 
Run Tr,2 TLl Tol TCMBl To2 TCJWB2 
L 0 
• 
• • 
1 108.4 85.1 86.o 75 90.1 
89.2 882 1375 
• 
• 
2 120.0 96.1 104.4 80 103.2 
102.s 882 727 
• 
• • 
• 
3 112.0 89.l 91.0 
80 93.8 93 882 1372 
• • 
• 
4 122.4 99.7 106.3 85 105.7 
105.3 882 722 
• • 
• • g 115.8 92.3 91.0 BS 
96.7 96.4 882 1)44 
103.i 05.9 85.9 75 
90.0 89.2 1178 1376 
1 115. 98.0 103.4 
80 102.7 102.4 1178 728 
8 lOo.9 89.7 93.8 80 94.1 
93.0 1178 1351 
9 119.0 102.0 107.4 85 
105.8 105.2 1178 718 
10 110.3 93.0 90.1 85 96
.9 96.5 1178 1345 
11 100.1 86.6 85.6 75 90 .l 
89.2 1473 1376 
12 114.5 100.7 102.6 80 
102.4 102.3 1473 728 
i? 103.0 90.3 92.J 
80 94.l 93.0 1473 1354 
117.5 104.0 107.8 85 105.5 105.0 
1473 716 
15 107.0 93.5 91.8 85 
96.9 96.5 1473 1356 
l 
:\ 
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-ble VII 
Experimental ~ta--'?olf.er M-2 ot Simpson and Sherwood (14) 
I 
Run TL2 TLl Toi TCMB1 T(J2 'awa2 L 
0 
• • 
l 108.2 a;.o 85.6 7S 89.2 88.7 
882 1,11 
• • 
.. 
. 
2 ll2 88.3 a,., 80 93.4 93 
882 1361 
• • 
• 
3 11s.s ,1.1 90.1 85 96.2 
96.2 882 1344 
• • • 
4 103.2 85.1 86.o 75 89.8 88.9
 1178 1375 
• 
• • • 
g 10~.8 89.2 92.s 80 ~3.9 92.9 
1178 1353 
• • 
• 
100.0 a5.7 86.o 15 89.9 89.1 1473 1375 
• • • 
• 
7 103.2 89.7 92.s 80 93.9 
92.9 1473 1352 
• 
• • 
8 106.S 92.7 90.7 85 96.6 96.2 
1473 1345 
• • 
9 110.5 92.1 90.7 BS 96.6 96.3 
1178 1)47 
;~ 
, 
1 
• 
:l 
. • 
. 
·~ 
,j 
. • • 
• • 
. . .. • 
J 
• 
'! 
'i 
.i 
·t 
.~ 
'! 
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Table VIII 
I . B.xper1mental De.ta--Tower or Parekh (14,) 
,( 
' 
Run TI2 TLl Tol Tawil To2 TOWB2 
L G 
• • 
84.4 64.4 91.4 aa.s 
• 
l 119.7 90.s 
500 710 
. 2 124.J as.i aa.s 63.3 79.9 94.8 500 500 
• • • 
• • 
J 124.2 92. 92.~ 64.8 101.7 
99.0 500 350 
4 123.6 96.8 87. 62.8 106.) 104.2 
500 242 
• • 
• • 
. . 
5 124.0 100.9 85.1 61.9 110 .a 
109.0 500 158 
6 119.3 9$.l 94.6 66.2 103.8 102.4 
1500 700 
4 • • 
• 
7 120.0 102.4 90.7 6J.S 107.6 
106.J 1500 495 
• 
. • 
8 120.7 105 •. 4 94.8 64.2 110 .a 109.9 
1500 350 
• 9 120.9 108.J 88.0 61.0 
113.4 112.6 1500 250 
10 120.6 110.8 84.2 59.9 115.2 114
.8 1500 167 
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Table IX 
Experimental Dlta--Tower of London, et al. (7) 
Run TL2 TL! Tol T(ltlBl To2 TCJWB2 11-1 
0 
• 
.. 
l ai.8 1i.a 65.2 sa.3 79.0 79.0 
J600 540 
• 
• 
.. 
2 a .• 4 7 .1 6S.7 58.4 77.0 76.9 
J600 629 
.. • • 
.. 
.. 
J 86.6 7-2.4 66.S 59.1 74.8 
74.3 3600 77~ 
• • 
4 82.5 67.a 64.5 S7,9 70.5 69.4 Jroo 
U9 
.. 
• • i a;.1 67.a 
66.2 59~4 69.8 69.0 J 00 1533 
• • 
. . 
86.J 67J 66.3 59 •. 9 70.0 69
.0 3600 1840 
• • 
• 
.. 
7 93.9 so.1 68.2 64.3 84.4 
8;.J 4,500 sas 
-
8 90.7 76.9 6V.B 64.J 78,4 78.~ 
4500 882 
• • 
• 
• • 
• • 
. 
9 86.2 74.J 67.4 64.0 76.7 76.4 
4500 956 
. • • 
10 89.4 73.5 68.5 64.4 1~.s 77 • 4SOO 1093 
ll 90.6 74.9 72.2 66.1 7 .6 
77.8 4490 1213 
12 e:,.7 70.5 68.o 62.6 73.J 
7:3.0 4500 1J4S 
ti 90.2 80.J 70.6 65.1 
84.4 8J.7 5430 589 
88.2 78.2 70.9 65.2 81.5 80.J 
5420 740 
ti 89.0 76.1 73.8 62.9 
80.4 79.5 54JO 936 
84.J 71.4 74.4 59.l 76.6 74.o 5410 
1104 
17 86.8 75. 73.0 lJ7. 78
.8 78.l 5440 U78 
18 si.2 71.5 70 .3 61.7 76.2 1s.s 
.5410 1182 
19 8 ·4 72.9 69.6 64.J 76.3 76.J 5430 
1322 
20 84. 73.0 67.6 65.1 75.2 
75.2 5440 lJJJ 
21 79.9 66.l 61.3 56.4 70.1
 70.1 .5440 1380 
22 87.2 74.6 64.4 56.1 78.7 
78.7 6250 8J5 
23 88.4 78.2 69.7 66.2 80.9
 ao.s 6300 975 
24 87.2 73.8 67.0 59.2 77.8 
77.8 6290 989 
25 88.4 73.5 68.J 60.5 77.6 
77.6 6Jl0 1189 
26 87.3 73.2 66.1 61.5 76.0 75
.7 6270 1276 
~i 83.9 69.1 61.l 55.2
 72.5 72.5 6260 13.55 
lOJ.4 88.6 69.8 61.6 94.9 
94.8 7200 .524 
c· 
29 87.9 79.6 73.4 61.J 
82.2 81.7 7200 622 
~ 
·,} 
30 92.3 81.4 72.7 63.5 
8).8 8J.8 7240 778 1
 
·~ 
Jl 90.9 78.9 73.8 63.0 
81.8 81.l 7200 982 
' {f 
32 89.J ?6.4 73.4 61.J 79.9 1a.3 7240 
1153 J 
33 a2.s 71.8 67. 59.8 72.9 
72.1 7240 1531 
34 82.0 70.9 68.6 60.4 
72.1 70.8 7240 1827 
l ,. 
5g 103.4 91.a 67.5 
60.a 96.0 95.a 9180 524 
., 
a1.a so.a 72., 61.4 a2.s 82.l 9220 
61.5 
5~ 93.2 8;.4 70.3 61.9 
84.9 84.9 9070 765 
92.1 so.a 71.1 60.4 a2.2 
81.7 9250 975 
39 81.6 74.l 66.J 59.a 
74.l 73.7 92~0 llJ:, 
40 88.4 78.3 70.7 59.9 
so.o 79.4 9250 1178 
. ~". " '' '. 
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• -- ',po • 
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• • 
• 47 
• 
48 
49 
• • 
50 
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Table IX 
( Cont1nue4) 
TL2 T11 Tol TCMBl Toz Tas,_
,B2 I,i 0 
84,8 1i,3 67.6 60.4 . 74,9 74,5 
9220 1518 
84,5 7 .• 2 69,l 60.2 74,0 72,8 
9220 1829 
90.j 84,S 72.0 60.9 85,3 85,0 10840 5
36 
94,8 86,9 65.a 59.1 88.3 as.; 10660 
549 
90,4 83,8 71.5 61.l 84.2 
84,0 10840 629 
88,8 81,6 69.1 59,9 81.8 
81,5 10840 760 
89,8 81,2 75.1 61.6 81.7 
80,7 10800 989 
ij6,8 78.6 64.8 57.2 77,7 77.4 11160 1053 
90.3 81,2 68.2 60.2 80.5 
ao.s 10760 1105 
90.3 so.a 75.6 62.7 81,5 
80.~ 10800 1171 
85.6 76.9 63.6 56.8 76.2 
76,0 11160 1178 
8.5,5 74.0 67,7 60.J 75,4 
75.110760 1518 
82,1 7 .1 67.1 59,4 72.6 71.6 
10840 1840 
94,5 88.l 66.3 59.5 88.l 8
8.l 12490 536 
88.4 83.4 72,6 61.9 82.7 
82.4 12530 622 
90.0 83,7 67.2 59.s 82.2 
82,2 12560 785 
89.6 82.5 66,9 59.1 80,3 
80,J 12600 982 
93.0 83,7 65.8 59.1 80.8 
80.B 12530 1171 
86.9 79.0 69.2 59.9 76.5 
76,0 121160 1511 
84,l 76,6 69.9 60.3 74.5 
73,4 12530 1812 
-~ 
! ) \ 
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APPENDIX l 
• 
• • • 
Calculated Results 
• 
• 
.. 
• 
• 
• • • 
• 
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!ablAt X 
O..loulated Re1ults-Tower R-1 ot Simpson and Sherwood (14) 
Run (L/O)ex (L/0) 0 ho8 hIJl ka8 hL/ka 
NTU Os 
l .,,, .6)6 248 944 1000 .944 2.i9 
.248 
2 .6.52 .6S4 J29 695 1317 
.680 J. l .250 
? .652 .633 274 996 
l09J .911 2.83 .250 
.652 .63.5 JOl 910 119li 
.810 3.10 .251 
5 .653 .657 294 1047 
1163 .901 3.02 .253 
6 .653 .627 240 1032 955 
1.08 2.48 .2.51 
7 .600 .622 226 
1148 B9S 1.28 2.JS .253 
8 .660 .649 )OJ 1075 ll~ 
.906 3.11 .255 
9 • 71+7 .729 285 1135 
11 .992 2.91 .249 
10 .751 .756 286 1193 1145 
1.04 2.92 .250 
ll .752 .BOB 256 1J54 
1026 1.32 2.62 .250 
12 .761 .747 268 1264 
1069 1.18 2.77 .251 
~? .762 .777 
2;6 1405 1019 1.38 2.64 .251 
.762 .788 288 1295 1142 
1.13 2.96 .253 
15 .768 .806 239 16.59 940 
1.76 2.46 .2.54 
·l6 .768 .788 266 1433 
1046 1.34 2.73 .255 
17 .872 .925 241 1656 
950 1.7 2.46 .253 
18 .872 .917 224 2014 
880 2.29 2.28 .255 
19 .866 .953 286 1510 
1138 1.33 2.93 .251 
20 .871 .944 286 1,544 
1130 1.37 2.93 .253 
21 .a.59 .939 309 1237 
1233 1.00 3.15 .250 
22 .a.59 .924 313 1323 
1246 1.06 3.18 .251 
23 .aso .913 314 11
78 1259 .935 J.18 .249 
,21', .aso .896 368 1144 1
473 .777 3.72 .250 
{ 
25. .956 1.03 274 1859 1116 1.67 
2.82 .249 J 
2~ .962 .977 28 1868 1
1J7 1.64 2.89 .250 
·., 
27 .964 1.01 J24 1731 
1292 1.34 3.30 .251 
-; 
\ 
I 
28 .964 1.00 277 2079 
llOJ 1.89 2.81 .251 
} 
29 .975 .978 2.51 228;
 997 2;29 2.57 .252 
f 
:~ 
JO ~975 1.02 281 2198 
1109 1.98 2.86 .253 
Jl .978 1.07 192 6619 
?54 a.77 1.95 .254 
32 .980 1.0; 229 JJ0
2 896 3.68 2.32 .255 
33 1.06 1.06 259 
2092 1045 2.00 2.64 .24
8 
<.34 1.06 1.10 292 
2065 1169 1.77 2.95 .250 
5i 1.07 
1.12 289 2222 ll.S4 1,92 
2.9.5 .250 
1.07 1.11 294 2ll7 
1168 1.81 2.97 .251 
37 1.08 1.10 
222 3179 882 3.60 2.24 .25
2 
)8 1.oe 1.1.3 270 2598 
1065 2.44 2.1 .253 
39 1.69 1.11 2
80 2456 llQi 2.22 2.87 .253 
40 1.0, 1.17 285 
2518 111 2.2; 2.89 .255 
41 1.00 1.01 2,0 
1818 1021 1.41 3.0.5 .253 
42 .959 .971 282 1592 
lll6 l. 3 J.18 .25:, 
·; 4J .910 .953 
291 1~68 11.52 1.44 J.12 
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Run (L/G)ex (L/0) 0 
44 1.06 1.01 
45 .871 .905 
4o .885 .s2i 
:~ .839 .86 .854 .852 
49 .797 .817 
so .807 .817 
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Table X 
( ContinUed) 
no• h1a ko& hi,/ko N
U'U OS 
222 3027 879 3.44 2.78 .253 
262 1829 103i 1.76 2.68 .252 
310 1889 122 1.54 3.23 .253 
311 1711 1232 1.39 3.07 .25~ 
330 1688 1306 1.29 3.31 
,252 
294 18~ 1166 1.60 2.76 
.252 
291 18 1153 1 .• 60 2.76 ,252 
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Table XI 
\ 
,: :· J ·. ~·. Calculated Results--Tower R-2 or Simpson and s'herwood (14) I 
I 
,, Run (L/G)ex (L/G)o h(J8 hl,8 kaa h1/ko 
NTU cs 
• • 
• 
l 1.2.5 1.33 181 1023 715 
l.4J 3.49 .253 
. . 
• • • 
2 .921 .985 311 888 1235 .719 
4.45 .2.52 
• • 
• 
3 .728 .786 332 877 1321 
.664 3.76 .251 
• • 
. . • 
4 .660 .713 258 1097 1030 1.07 
2.66 .251 
• • 
g .602 .648 306 1011 1220 
,828 2.84 .251 
• • 
-~ • • 
1.65 1. 83 255 977 1006 .941 
4.8 .254 
. • 
7 1.30 1.:3:, 268 1211 10
63 1.1 3.83 .252 
8 .974 1.04 235 1599 935 1.71 
2.67 .251 
9 .882 .951 273 1629 
1086 1.50 2.80 .251 
10 .805 .847 268 1634 1071 1.53 
2.52 .251 
11 2.04 2.36 174 1567 685 
2.29 3.35 .254 
l2 1.5 1.72 336 1148 1334 
.860 4.80 .252 
il 1.22 1.34 266 1714 
1060 1.62 3.02 .251 
1.10 1.2 246 2374 982 2.42 2.53 
.251 
ig 1.01 1.1
1 275 23~9 .. 1097 2.11 2.59 .251 
1.20 1.34 178 1206 699 1.72 3.27 
.255 
17 .895 .998 279 1003 1099 
.913 3.85 .254 
18 .720 .810 326 1032 1290 
.Boo 3.63 .253 
19 .652 • 74-0 436 926 1724 .5
37 4.40 .253 
20 .600 .668 286 1193 1134 1.05 
2.66 .252 
21 1.61 1.ao 215 1174 843 1.39 
J.98 .zsi 
22 1.20 1.37 293 1309 1154 1.13 
4,06 .25_ -~ I 
23 .952 1.03 277 1454 1095 
1.33 3.05 .253 
24 .869 .971 304 1620 1202 1.35 
3.06 .2.53 
25 .792 .884 379 1411 1501 
• 940 3.48 .252 
26 1.,0 1.67 273 1431 1076 1.33 
3.77 .254 
27 1.50 1.69 302 1414 1184
 1.19 4.15 .255 
28 1.09 1.21 304 1867 1204 1.55 
3.00 .253 
29 1.09 1.24 286 2285 1129 
2.02 2.87 .253 
·, 
30 .994 1.12 236 3J41 936 3.
57 2.18 .252 
~ 
~ 
31 1.21 1.37 179 1290 698· 
1.e.5 3.30 .257 j 
32 .913 .990 300 1059 1173 
.903 4.19 .256 i 
33 .729 .817 394 971 is~n .627 4.41 
.255 : 
34 .6S9 .740 413 995 1024 
.613 4.18 .255 
,~ 
i 
si 
.sao .636 275 1238 1081 1.1.5 2.45 
,254 " 
1.62 1.78 162 1.564 631 2.48 3
.00 .257 
:/
t 
37 1.21 1.37 26:3. 1439 
1027 1.40 3.65 .2.56 
j 
38 .963 1.06 28~ 1648 
1122 1.47 J.l~ .255 
~ 
39 .aa3 .974 264 1968 1038 1.90 
2.68 .25, 
40 .ao1 .894 309 1810 121.6 1.49 
2.8? .2.5 ( ·. -:'1' 
41 2.01 2.30 210 1358 818 
1.66 j.85 .2;i 
42 1.53 1.77 371 1305 1449 
.901 5.18 ,23 
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Table XI 
( Cont1n11ed) 
(L/O)ex (L/0) 0 hr:f- hLa kc,. hr/ko NTU Os 
1.22 1.44 266 2204 104i 2.ll 2.98 .255 
1.u 1.24 329 2001 129 1.si 3.35 .255 
1.01 1.16 317 2287 1245 1.8 2.95 .254 
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'!'able XII 
.I. 
Calculated Results--Tower M-1 or Simpson end Sherwood (14) 
\' 
' ~ 
. l 
Run (L/G)ex (L/0) 0 ho& h:C,. kQt hL/ko NTU Os 
• 
• • 
l .641 .624 202 90S 803 l.13 
2.01 .251 
.. 
• 
• • 
2 1.21 1.36 158 791 619 1.28 2.93 
.255 
• 
.. • 
... . . 
3 .643 •421 219 885 
866 1.02 2.18 .253 
4 1.22 1. 3 175 742 681 1.09 
3.25 .257 
g .6S6 .684 214 891 84'1 1.06 
2.16 .255 
.as6 .909 217 1063 864 1.23 2.17 .251 
7 • 
8 .842 .959 221 1108 875 
1.27 2.23 .253 
9 1.6 1.89 167 785 6SO 
1.21 3.12 .257 
10 .876 .938 176 1479 692 
2.14 1.77 .255 
ll 1.07 1.20 208 1428 827 
1.73 2.07 .251 
12 2.02 2.33 234 657 915 
.718 4.33 .255 
lJ 1.09 1.22 211 1441 834 1.73 
2.12 .253 
14 2.06 2.35 179 715 695 1
.03 3.35 .25? 
15 1.09 1.20 231 1426 909 
1.57 2.31 .255 
.·/,.' 
"•' I • 1•-., ,,J., ' ~' .; ; .. ,, ~•··'' .ii _...,.,. ~. 
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Table XIII 
Calculated Resulta--Tower M-2 ot Simpson and Sherwood ( 14) 
Run (L/G)ex (L/0) 0 ho8 h1a k0a h1ko NTU OS 
l .641 .641 246 788 981 .804 
2.46 .251 
• 
2 .648 .696 247 866 978 .885 
2.48 .253 
' 
• 
,. 3 .656 .645 325 784 1246 
.615 3.27 .254 
• 
4 .857 .939 437 853 17 l .490 4,37 
.251 
• 
• • g .871 .929 218 1167 861 1.35 
2.20 .253 
1.07 l.l.2 222 1421 886 1.60 
2.22 .251 
. 7 1.09 1.21 221 1507 876 
1.72 2.23 .253 
8 1.10 1.14 205 1729 804 2 .15 
2.06 .254 
• 
9 ,87.5 .865 216 1240 849 
1.46 2.17 .254 
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Table XIV 
Oaleulated Reaults--!ower or Parekh 
Run (L/O)ex 
1 .704 
2 1.00 
~ 1.43 2.07 5b 3.16 
b 2.14 
7 3.03 
8 4.29 
90 6.oo 
10 * 
a. Tozc = 105.4 
b. To20 ::. 108. 8 
c • T020 = 112 • s 
(L/0) 0 
.686 
.9;8 
1.27 
1.91 
2.68 
2.12 
3.12 
4.08 
5.66 
11oa hLa kc,. hL/ko 
193 91S 775 1.18 
99.5 18;7 396 4.68 
83 .4 1386 330 4.19 
49.1 00 193 00 
J8.6 ()() 151 00 
240 2590 946 2.74 
134 6142 525 11.7 
125 3248 490 6.63 
74.9 o<> 292 CXJ 
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(4) 
NTU cs 
1.74 .250 
1.26 .2.51 
1.50 .252 
1.27 .254 
1.52 .256 
2.15 .254 
1.69 .255 
2 .23. .2.$6 
1.8~ .2S7 
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Table xv 
., J 
, . 
~ . 
• t,1 
I: ' . . • : . - - •• ..L ; '· r .- (,~, ~- I, • '•• 
calculated Results--Tower ot London, et al. (7) 
• J 
I" 
' Run (L/G)ex (L/0) 8 h<]l1 hl.,8 k(}8 h1/ko NTU Os 
... 
' 
1 1.21 1.2:, 6i.1 251 266 .944 2.83 .247 
~ 
. 
. : 
2 1.04 1 .. 0~ 7 .o 248 300 ,826
 2.74 .247 
• 
• 
• • 
• 
3 .848 .a 67.4 298 273 1.09 
2.03 .247 
• 
4 .s4i .578 71.2 499 290 1.72 1.39 ,246 
. 
. g .42 ,415 120 287 489 ,586 
1.84 .246 
.356 .365 123 355 500 ,710 1.56 
.246 
• 
7 * e • 
9 ,855 .918 123 328 496 
.661 2,98 .247 
10 • 749 .712 103 471 417 1.13 
2,19 .248 
11 .673 .665 79,6 669 321 2.08 
1.52 .248 
12 ,608 .638 137 408 556 .734 
2.37 ,247 
13a 1.68 1,78 42.5 C)()
 171 OQ 1.67 ,249 
14b 1.33 1.38 4J.o 00 173 
?>O 1.35 ,248 
15 1.05 1.13 81.5 721 329 
2.19 2.02 ,248 
16 .892 ,913 71.5 1003 290 3.46 
1.51 ,247 
17 .840 ,852 84.2 945 339 
2,78 1,66 .248 
18 ,835 ,833 104 746 422 1.77 
2.05 .247 
19 • 
20 ,742 ,757 175 388 709 ,547 
3.06 .247 
21 .718 .728 206 427 839 .508
 3.50 .246 
22 1.36 1.46 117 468 473 ,990
 3.2i ,24~ 
230 1.17 1.29 56.3 
0,.0 227 c;,t::) 1.3 .24 
24 1.16 1.15 156 411 631 .65
2 3.67 .247 
25 .967 ,961 192 423 775 ,545 
3,75 ,247 
26 ,893 .833 87.0 829 352 2.35 
1.59 ,247 
27 .842 ,871 180 443 734 
.604 3.11 .246 
28 * 29 2.10 2.19 69.5 562 280 
2.00 2,59 .248 
30 1.69 1.74 134 358 539 
.664 3.98 ,249 
Jl 1.33 1.36 91.6 621 369 
1.68 2.16 ,248 
,2 1.14 1.12 82.7 868 334 2.60 1.67 ,247 
5? ,859 ,894 124 525 
503 1.04 1,89 .246 
.720 .722 126 554 510 1.09 1.61 
.246 i 
5i • 
it 
··' ~~ 
2.7:, 2.6; 69.4 566 280 2.02 2.
62 ,248 
( 
.:, 
5~ 2.1s 2.19 111 421 445 
.948 3.34 .249 
1.u 1.66 93.4 .569 377 
1.51 2.22 .248 
39 1. 1.44 109 459 
442 1.04 2.24 .247 
40 1.43 1.6 114 71; 461 1.55 
2.25 .247 
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!al>le xv 
( Cont 1nUe d) 
Run (L/G)ex (L/G) 0 hcf hLa kaa hr/ko 
NTU Os 
• • 
41 1.10 1.20 153 
461 618 .745 2.34 .247 
• 
• 
42 .918 .964 133 555 540 
1.03 1.70 .246 
• • 
• • 
43 3.68 3.84 61.3 569 
247 2.39 2.65 .248 
44-60 • 
.. 
• 
• 
• 
a. T02c: 83.9 
b. To2c = 80.9 
o • To2c s: Bo.6 
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a 
cs 
G 
h 
H 
1 
k 
K 
L 
M 
NTU 
p 
p 
V 
z 
M'LA.l 
MIA2 
PATM 
RAl 
w 
ROBLIN 
WIIDIX t 
Nomenclature 
Interf'aoial area, sq. ft,/ou, ft, 
Humid heat, BTU/(lb, dry a1r)(°F) 
Dry air flow rate, lb,/(hr.)(sq. rt.) 
Beat-transfer ooeff1o1ent, BTU/(hr,)(sq. ft.)(°F) 
Humidity, lb, water vapor/lb. dry a1r 
Vapor-phase enthalpy, BTU/lb. of dry air 
68 
Mass-transfer coefficient, lb./(hr,)(sq. ft.)(H1-Ho) 
overall mass-transfer coefficient, lb./(hr.)(sq. ft.)(°F) 
Water flow rate, lb,/(hr,)(sq. ft,) 
Molecular weight 
Number of transfer units 
Vapor pressure, ps1a 
Be.rometr1o pressure, psia 
Volume of tower per unit of gromid area 
Packed height of tower, ft, 
Computer Program Symbols Used 1n Text 
First assumed water temperature increment, F
0 
Second assumed water temperature 1norement, F
0 
Barometr1o pressure, psia 
First assumption of hx,/k0, BTU/(lb, dry air)(°F) 
second assumption or hL/ko, ]fru/(lb. dry air)(°r) 
Man•u a11owe·a traot1onal comct1on on assumptions 
ot ~l,(~ 
I , 
. . . ....... . 
• ., I 
I ' 
.. , ... 
I . 
' .• .... >I 
' ': 
1• , o ; I:' i P ! • o ~/ • .. ~ ', ,"f ,. ,'•' • 
I 
i '··.~}-: 
:·,A. , : i ·t.., 
,; 
... 
:::101 
r:.r..·;~-i:j , 
TOl 
!02 
TLl 
TL2 
TOWBl 
TCJWB2 
TLI'roL 
'l'02TOL 
A 
0 
ex 
Q 
1 
L 
M 
0 
op 
tie 
w 
l 
2 
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Praot1on greater than OJl8 b7 whioh to 1.nerease h1 /kc, 
1t togging ooours 
JIU111W1 allowed value or hL/ko above which 1t will be 
ocm1idered 1nt1n1te 
1nter1Dg dry bulb tempera tu.re , O
p 
Exit dry bulb temperature, 0, 
Bx1t water temperature, Op 
Entering water temperature, Op 
Entering wet bulb temperature, 0, 
Exit wet bulb temperature, °r 
Interface temperature tolerance, 
,o 
Bxit a1r temperature tolerance, 
pO 
Subscripts 
Assu.Md or air 
Critical point or oaloulated 
Exper11118ntal 
Bulk vapor phase 
Interface oond1t1ons 
Bulle 11qu1d phase 
Plow rate 1n lb,/hr, 
overall 
Operating line 
,,. 11118 
. .. .,,,.-;•. 
, •• 1' 
Botto• of tower 
!op ot tower 
} 
J 
', ( / •> £: : I : ·) ' ." • 'j 
. I· . 
C • 
,,, .· 
... '.-. I 
:.:._f.1. i ... ~ I r.· . 
r - ·' ,:; )" ' 
70 
(1) Basa, B. L., and Green, H.P., Chem, Bng,, .§..i, 111-116 
(Deo. 1, 1958). 
( 2) l'oust, A. S., et al., Pi1P,01ple@ 1 Ot Unit Opera t1ona, 
Hew York, John Wiley and Sona, Inc., 1960. 
( 3) Hensel, S • L., and Treybe.l, R. E., Chem, Eng, PJ:pg., .i§, 
362-370 (July, 1952). 
(4) Johnstone, B. F., and-S'1Dgh, A. D., Ind, Bpg, Chem_,,~, 
no. 3, 280-297 (Mar., 1937). 
(5) Keenan, J. H., and Keyes, 1. G., Thermodl'l'lamio Properties 
ot tteam, lat ed. , Jllew York, John ii ile:, and Sona , Inc, , 
193 • 
(6) Liohtenste1n, J., Trans, A,S,M.E£, .2i, 779-787 (Oot., 194J). 
I 
(7) 
( 8) 
Lop.don, A. L., et al., 1mPf, 4,S ,M.E,, g, 41-49 
(Jan., 1940). . 
~~~ms, W. B., Heat TrJYl@m1ss1on, 3rd ed., Hew York, 
McGraw-Hill Co., Inc., 1954. 
(9) M.~dams, W. H., et· al., Chem, Epg, Prog., !ti, no. 4, 
241-252 (April, 1949). 
(10) Mickley, a. s., ca,m, Bng, Prog,, ~. no. 12, 739-745 
(Deo., 1949). 
(11) Olander, D. R., I:14 1 Eng, Chem., il, no. 2, 121-126 
(l't'b., 1961) • 
(12) P•rr7, J. H., Cif@ttl.51P,R:1neers' Handbook, ;rd ea., 
New York, McGraw-Bi co., Inc., 1950. 
(1~) Scarboro~, J.B., J!91.Ma.themat1cal ~l.IS1!,, 
4th ed. , Baltimore, o . kin.S ?ress, 19 • 
(14) S~PlPaon,·W. M. 1 and Sherwood, T. K., J, Am, Soo, Refrig, lis·1 , S!, .53; \Dec., 1946). 
(lS) "ba· 1 1 R. B., 't£ ~teio OpeBli,l9P@, Hew York, 
Noa,a~-JU.11 Co. , . • , . 1. 
:: 
·, 
·, 
.. I • 
f • 
. . 
' . 
t • 
( . 
( . 
.. 
t • 
, . . . . I • 
.. • . • 
.. 
• 
.. ~ . 
t •. - .. - • 
( . . . 
• 
, • .... • • 
. 
.. . , ' • • 
.. .. 
. 
.. 
I f 
., ... -: ..... . ~ -·. ~. ' .... 
• I ; r 
• • 
, .. 1 ; ' 
,: . . \ 
., ',,. c,, ·' --~. , ... 
., 
'., 
• 
( 
. 
. . 
. .. 
t ' 
t -
•• c .. : 
'· . 
I . ~ I I: . ' \ ·, . - ' 
"':: T .. : .•. ~ t~:1·r1.·: ·: .. i I ,,. •~ ,• 
.. ~.I ... ·-· .... ::.." ... L :.,..· ~-
71 
The author was born on December 19, 1938 1n Slatington, 
Pennsylvania, the son or Gord.On and Mary Zellner. 
Upon graduation f'rom Slatington High School 1n 1956 as 
valedictorian of his class, he attended Lehigh University 
1n Bethlehem, Pennsylvania. In 1960 he received his B.S. 
degree 1n chemical engineering from that 1nSt1tution and 
graduated with high honors. In his senior year, he was 
awa~ded second place honors in the Zeisberg Award Contest 
for protio1enoy 1n writing technical reports. Upon graduation 
trom Lehigh University, he was employed by Air Products and 
Chemicals, Inc. where he is currently working 1n cryogen1os, 
thermodyllamios , and digital computer applications. 
The author is a member of Tau Beta Pi and the .A.I.GH.E. 
